The laser-induced ultrafast demagnetization of CoFeB/MgO/CoFeB magnetic tunneling junction is exploited by time-resolved magneto-optical Kerr effect (TRMOKE) for both the parallel state (P state) and the antiparallel state (AP state) of the magnetizations between two magnetic layers. It was observed that the demagnetization time is shorter and the magnitude of demagnetization is larger in the AP state than those in the P state. These behaviors are attributed to the ultrafast spin transfer between two CoFeB layers via the tunneling of hot electrons through the MgO barrier. Our observation indicates that ultrafast demagnetization can be engineered by the hot electrons tunneling current. It opens the door to manipulate the ultrafast spin current in magnetic tunneling junctions.
The laser-induced ultrafast demagnetization of CoFeB/MgO/CoFeB magnetic tunneling junction is exploited by time-resolved magneto-optical Kerr effect (TRMOKE) for both the parallel state (P state) and the antiparallel state (AP state) of the magnetizations between two magnetic layers. It was observed that the demagnetization time is shorter and the magnitude of demagnetization is larger in the AP state than those in the P state. These behaviors are attributed to the ultrafast spin transfer between two CoFeB layers via the tunneling of hot electrons through the MgO barrier. Our observation indicates that ultrafast demagnetization can be engineered by the hot electrons tunneling current. It opens the door to manipulate the ultrafast spin current in magnetic tunneling junctions.
T he current trend in the spintronics devices with faster response demands the study of the magnetization dynamics of magnetic nanostructures on very small time scales 1 . In particular, laser induced demagnetization in ferromagnetic or ferrimagentic materials has attracted a growing interest, as it provides the ability to manipulate the magnetization using ultrashort optical pulses on subpicosecond timescale [2] [3] [4] [5] [6] . The understanding of the ultrafast demagnetization process is a very important issue not only for investigating the coupling between spin, electron and lattice in a strongly out-of-equilibrium regime, but also for potential application of spintronics devices working in terahertz regime 7 . Since the laser induced ultrafast demagnetization was first observed in Ni films 2 , significant progresses have been made to explore the coupling between the laser excitation and the spin system [8] [9] [10] [11] [12] [13] [14] [15] . The discussion of the coupling has been focused on the two exchange processes: energy exchange process and angular momentum exchange process. The whole process of energy exchange among the three thermal reservoirs: electron, phonon and spin, has been widely recognized by a phenomenological thermodynamic model, the so-called three-temperature model 3, 8 . However, the intriguing exchange paths of angular momentum, especially, the dissipation channel of spin angular momentum, are still confused in the ultrafast demagnetization process. Mediated with photon 9 , electron 10 , phonon 11, 12 and magnon 13 , distinct spin-flip processes have been modeled as the dissipation channel of spin angular momentum for the loss of magnetization.
Most recently, the ultrafast spin transport of laser-excited hot electrons was considered as the dissipation channel of spin angular momentum to predict the ultrafast magnetization dynamics in magnetic layered-or hetero-structures 14, 15 . After laser irradiation, the photo-excited electrons in metals that have been not cooled to the thermal equilibrium temperature are known as hot electrons. Transport of hot electrons in magnetic materials is spin dependent and has been modeled as superdiffusive spin transport to elucidate the influence of the transfer of spin angular momentum or spin current on the magnetization dynamics on few hundreds femtosecond timescale 15 . Recent experimental work has achieved significant progress for the predication of spin current and its considerable contribution to the ultrafast demagnetization. The giant ultrafast spin current was confirmed in Fe/Au and Fe/Ru heterostructures 7 . The demagnetization caused by superdiffusive spin current were observed not only in Fe/Au in which the hot electrons move from magnetic layer to non-magnetic layer 16 , but also in Au/Ni in which the hot electrons move from non-magnetic layer to magnetic layer 17 . . The demagnetization in multilayer [Co/Pt] n is enhanced by the spin current when the magnetic configuration for the [Co/ Pt] n /layers is antiparallel 19 . Hence the ultrafast spin transport has a considerable contribution in the ultrafast demagnetization.
The superdiffusive spin current opens a door to engineer the spin transfer in magnetic sandwiched structures in terahertz regime. However, the space layer between two magnetic layers must be spin transmitter and most of choice was a thin metal Ru film 18, 19 . It was pointed out that the superdiffusive spin current will be weaker by a metal film Ta or W, and will be blocked by an insulating layer NiO or Si 3 N 4 19, 20 . Although the magnetic tunneling current has been identified in magnetic multilayer sandwiched by a thin insulator Al 2 O 3 or MgO layer 21, 22 , the ultrafast spin transport in magnetic tunneling junctions was not reported yet. Here, we present a laser induced ultrafast demagnetization in sandwiched CoFeB films with an insulating MgO film as the space layer. In contrast to insulating NiO space layer, where the ultrafast demagnetization processes same between P and AP states are same 19 , it was observed in CoFeB/ MgO/CoFeB magnetic tunneling junction that the demagnetization time becomes shorter and the magnitude of demagnetization becomes larger when the magnetic configuration was varied from P state to AP one. This finding can be explained by the transfer of spin angular momentum via the tunneling spin current in two magnetic layers. Our observations indicate the ultrafast spin current can tunnel through the insulating MgO layer and control the speed and efficiency of ultrafast demagnetization.
Results Fig. 1 shows the static polar hysteresis loop of CoFeB/MgO/CoFeB multilayered film (see the Methods section). The square loop indicates the film has perpendicular magnetic anisotropy (PMA). The hysteresis loop shows two distinct switching fields separated by a large antiferromagnetic plateau and is constituted by two minor loops, for top and bottom CoFeB layers respectively. The minor loop of with lower switching field is counted and plotted in Fig. 1 . According to the loops in fig. 1 , the magnetic directions of the two CoFeB layers can be controlled by external magnetic field. When the applied reversal field is in between the two switching fields, their magnetization directions are antiparallel (AP state). However, when the applied field is large enough to overcome the higher switching field, the magnetizations of both FeCoB layers are aligned in the same direction (P state). The magnetization directions for both CoFeB multilayers are depicted in Fig. 1 for different magnetic applied fields.
The two distinct switching fields suggest that the two CoFeB layers have different perpendicular magnetic anisotropy fields. The magnetizations characterized by polarized neutron reflectometry are 663 emu/cm 3 and 906 emu/cm 3 for top layer and bottom layer, respectively 23 . The bottom layer with the high magnetization has a small PMA and the small switching field is H 1 5 29 Oe, while the top layer with the low magnetization has a large PMA and the large switching field is H 2 5 84 Oe. For the AP state, the normalized magnetization is 8%, which is in good agreement with the result of polarized neutron reflectometry (7.6%). This consistence infers that the optical depth-dependent profile can be neglected due to the thickness of CoFeB/MgO/CoFeB film is less than the optical penetration depth. Figure 2 (a) depicts the dynamic signals of ultrafast demagnetization under the pump fluence 2.94 mJ/cm 2 for the P and AP states (see the Methods section). When the pump laser heats the sample, a decrease in the magnitude of the magnetization is observed in time less than 400 fs. Then, a subsequent recovery is occurred within a few ps. Owing to the large PMA to suppress the reorientation of the magnetization, no signature of the magnetic precession was observed for the time delay up to 1 ns in both P and AP states (not shown here). Since the reorientation of the magnetization is absent, the dynamic change of the Kerr signal presents the amplitude of the magnetization loss. We write the magnetization loss as {DM z,il respectively. Compared the demagnetization curves in the P and AP states, the times for demagnetization reached the maximum are different (line indicated in Fig. 2(a) To obtain more quantitative understanding of the femtosecond laser induced demagnetization dynamics in CoFeB/MgO/CoFeB film, the experimental data were fitted with a function based on the three-temperature model 8, 19 :
where *G(t) presents the convolution product with the Gaussian laser pulse profile, H(t) is the step function, d(t) is the Dirac delta function, and A i (I 5 1,2,3) are the constants. The two time parameters t E and t M describe the dynamical process of demagnetization. t E characterizes the relaxation time of electron-phonon interaction that energy equilibrates the electron with the lattice. t M characterizes the demagnetization time when energy deposited into the spin system. The fitting curve is plotted in Fig. 2 (a) . The value of t E 5 570 6 30 fs is the best fitting value for both P and AP states. The electronphonon relaxation time is in good agreement with previous measurements on other ferromagnetic metals films 19 . Interestingly, the value of t M depends on the magnetic configuration: 90 6 5 fs for AP state and 120 6 5 fs for the P state. Hence the demagnetization process in AP state is 25% faster than in the P state.
The curves in Fig. 2 (a) are normalized at 3 ps and the normalized curves in the P and AP states are plotted in Fig. 2(b) . In order to compare the normalized magnetization loss induced by femtosecond laser excitation for the AP state with that for the P state, the ratio of magnetization loss in the AP to P states is defined as R 5 (l
). For t . 3 ps, the three reservoirs reach the thermal equilibrium and the coefficient of magnetization loss l s i only depends on the heating temperature 24 . The thermal equilibrium temperatures are dominated by the lattice reservoir and are same for the P and AP states. So l P i 5 l AP i for each layer when t . 3 ps and get l 2 < 1.58l 1 with R 5 0.3. The difference of coefficient of magnetization loss means that the two magnetic layers have different temperature-dependent magnetization profiles. As seen in fig. 2 (b) , the amount of the demagnetization increases about , 65% in the AP state compared with the P state.
The maximum amplitudes of demagnetization in the P and AP states were measured with various pump fluences for gaining more physical insight into the enhanced demagnetization in the AP state. Two parameters were counted: maximum of magnetization loss in the P and AP states. Figure 3 (a) shows the magnetization losses as a function of the pump fluence. When the pump fluence is increased from 0.29 to 3.92 mJ/cm 2 , the demagnetization for the P state increases linearly from 0.9% to 11.6%. The linear relationship is broken when the fluence is increased up to 4.9 mJ/cm 2 , while the demagnetization reaches 12.0%. If there is no magnetic correlation between the two separated CoFeB layers, the sample can be considered as two individual magnetic layers and l Fig. 3(a) . The experimental data is close to evaluated value at 0.29 mJ/cm 2 but larger than evaluated one when pump fluence is above 0.49 mJ/cm 2 .
The larger experimental values reveal that the demagnetization is enhanced in the AP state compared to the P state. In order to stress the enhancement related to magnetic correlation, DM AP z =DM AP,n z is plotted in Fig. 3(b) . An increasing relation between the enhancement and the pump fluence is visible in Fig. 3(b) . The enhancement for 4.9 mJ/cm 2 is not calculated since the laser irradiation is stronger than the low fluence limit. The data in Fig. 3(b) indicates that the magnetic correlation enhances the ultrafast magnetization in CoFeB/MgO/CoFeB film in the AP state.
Discussion
In the frame of three temperature model, the energy transfers from electrons to spin system and thereby an increase of the spin temperature is launched. This laser heat effect causes the demagnetization through the local spin-flip scattering as the dissipation channel of spin angular momentum [9] [10] [11] [12] [13] . However, the thermalized process for the hot electrons is not included in the three temperature model 15 . This process launches the ultrafast spin transport in ferromagnetic materials and the nonlocal transfer of spin angular momentum [17] [18] [19] . In spite of the contribution of spin flip scattering on the ultrafast demagnetization process, the ultrafast spin transport was emphasized to explain the faster demagnetization time and enhancement of magnetization loss in the AP state [18] [19] [20] . To assess this point, we demonstrate the role of the ultrafast spin transport in CoFeB/MgO/ CoFeB film. When CoFeB and Ta layers absorb pump laser, hot electrons are generated. In magnetic materials, spin-majority and spin-minority hot electrons have distinctly transport properties due to their different lifetimes and velocities. Compared with spinmajority electrons, spin-minority electrons have shorter lifetime and diffusion length. Therefore, the spin-minority electrons is more easily and faster trapped in the local exciting region (electrons generated by magnetic layers themselves) or at interface (electrons coming from adjacent layers) 15 . Consequently this transient accumulation of spin-minority hot electrons in CoFeB film layer results in the demagnetization. For each individual magnetic layer of sandwiched CoFeB/MgO/CoFeB film, the hot electrons consist of three sources: spin-polarized electrons generated by themselves, nonpolarized electrons coming from capping or buffer layer, and additionally spin-polarized electrons transferring from other magnetic layer. Here, we focus on the transport of hot electrons causes the transfer of spin angular momentum between two individual magnetic layers. Nevertheless the MgO film is an insulating layer, the hot electrons can not diffuse through it but can tunnel through it 25, 26 . Furthermore, the MgO barrier is a spin filter and filters out all tunneling states other than the D 1 band and the D 1 band of CoFeB only consists of spin-majority electrons 5, 21, 27 . Once the hot spin-majority electrons of top (bottom) magnetic layer tunnel to bottom (top) layer, the spin current has distinct functions for demagnetization in the P and AP states. For simplifying the discussion, the tunneling current J 1 and J 2 are defined as from top to bottom layer and from bottom to top layer. The function of spin tunneling current is demonstrated in Fig. 4 . In the P state, the net spin current J 1 -J 2 is zero for the assumption of local charge neutrality. If we count the population between spin-majority and spin-minority, change is not happen by tunneling current in Fig. 4(a) . The spin transfer of tunneling current in the P state has little influence for the demagnetization of sandwiched CoFeB film. Conversely in the AP state, the spin-majority electrons will become spin-minority electrons when they tunnel into other magnetic layer. Both top and bottom layers lose the spin-majority electrons and receive the spinminority electrons. As seen in Fig. 4 (b) , the difference of population between spin-majority and spin-minority is reduced by the net spin current J 1 1 J 2 and enhance the demagnetization for both two CoFeB layers. As a result, the ultrafast spin tunneling current adds a dissipation path for spin angular momentum to accelerate the demagnetization time for CoFeB/MgO/CoFeB film in the AP state.
Even the spin tunneling current J 1 1 J 2 enhance the demagnetization for both two CoFeB layers in the AP state, the measured magnetization loss {DM z AP (5 l 
The l spin-flip , l superdiffusive and l tunneling are defined as the characteristic coefficients of the magnetization loss caused by spin-flip scattering, superdiffusive spin current and spin tunneling current, respectively. The l spin-flip and l superdiffusive dependent on the population of spin-majority and spin minority. The spin tunneling currents change the population of spin-majority and spin minority for each CoFeB layers in the AP state and then influence the l spin-flip and l superdiffusive . This influence causes the variations of the l spin-flip and l superdiffusive for each CoFeB layers. The variation is different for top and bottom magnetic layer and the enhancements of total demagnetization loss for the two magnetic layers are different in the AP state. The data in Fig. 3(b) indicates the enhancement of the demagnetization in bottom CoFeB layer is larger than that in top layer. The first increase and then saturation of enhancement along with increasing laser fluence infers the intriguing competitive relationship among the different demagnetization mechanisms. A compatible model includes the spin transport (superdiffusive spin current and tunneling spin current) and spin-flip scattering is required to explore the ultrafast demagnetization in magnetic nanostructures 28 . Finally, the ultrafast spin tunneling current in CoFeB/MgO/ CoFeB sandwiched film transfers the spin angular momentum between two magnetic layers and controls the ultrafast demagnetization. Our observation indicates that ultrafast demagnetization can be engineered by the hot tunneling current. This finding may open a new route to manipulate the spin transport in magnetic tunneling junctions within few hundred femtoseconds.
Methods
Sample description. The stack structure of CoFeB(1.22 nm)/MgO(1.1 nm)/ CoFeB(1.04 nm) were deposited by magnetron sputtering with a base pressure of 4 3 10 26 Pa. The numbers in brackets are nominal thickness. A thin 2.2 nm Ta seed layer was first deposited on thermally oxidized silicon substrates. Another thin 2.2 nm Ta layer covered CoFeB/MgO/CoFeB film to protect against oxidation. The stack structure of the sample is present in the insert of Fig. 1 . The sample was then annealed at 300uC in a vacuum chamber for an hour. Argon was used as the sputtering gas. The sputtering pressure for metals was 0.4 Pa and for MgO layers was 0.2 Pa. High purity Co 40 Fe 40 B 20 (99.9%), MgO (99.99%), and tantalum (99.95%; all obtained from Functional Materials International, Japan) were used as the target materials.
Experimental method. The static polar Kerr loop of CoFeB/MgO/CoFeB film was acquired using a laser diode with a wavelength of 650 nm. The dynamical process of ultrafast demagnetization was measured by TRMOKE. The experiments were carried out using an all optical pump-probe technique. A train of optical pulse with 780 nm wavelength, 55 fs duration and 100 nJ/pulse is generated at 5.2 MHz repetition rate by a Ti:sapphire oscillator (FEMTOLASER, XL-100). We doubled the frequency of the femtosecond laser via a nonlinear optical crystal BaB 2 O 4 (BBO) with a thickness of 200 mm. The laser beam is split into a 780 nm laser beam and a 390 nm laser beam by a dichroic beamsplitter. The 780 nm laser is used as pump pulse to excite the magnetic system out of equilibrium, while the 390 nm laser is much weaker than that of the 780 nm beam (15100) and is used as probe pulse to measure the subsequent magnetization dynamical response with timescale from subpicosecond to nanosecond. The time resolved measurement is realized by varying the time delay between pump and probe pulse. In this experiment the pump beam was focused down to the sample 10 mm spot by a 20 3 objective at normal incidence. The used detection geometry is sensitive to the out-of-plane component of the magnetization M z . The pumping laser induced change of the Kerr signal presents the change of the magnetization gM z . The pump fluence is in the range of 0.29 to 4.9 mJ/cm 2 and the external field was applied perpendicular to the film plane. Before the TRMOKE measurement, the CoFeB/MgO/CoFeB film was saturated at 2120 Oe. Then the experimental data were acquired at 50 Oe (AP state) and 120 Oe (P state), respectively.
